Abstract: Phytophthora capsici is a soilborne oomycete plant pathogen that limits pepper production worldwide. The population structure varies significantly depending on the location (e.g. Peru vs. USA) and little is known about the diversity of P. capsici in Argentina. Our objective was to assess the diversity of P. capsici in Argentina at key pepper production areas. Forty isolates were recovered 2006-2009 from pepper and one isolate from pumpkin at 11 locations. Isolates were assessed for mating type, mefenoxam sensitivity and multilocus single nucleotide polymorphism (SNP) genotype profiles. Ten isolates with identical SNP profiles also were genotyped with amplified fragment length polymorphism (AFLP) markers. All 41 isolates had the A1 mating type and were sensitive to mefenoxam. Genotypic analysis using eight polymorphic SNP markers indicated 87% of the isolates had the same multilocus genotype, which is fixed for heterozygosity at seven of the eight SNP sites. AFLP analyses confirmed these findings, and overall it appears that clonal reproduction drives the population structure of P. capsici in Argentina. The implications for breeding resistant peppers and overall disease management are discussed.
INTRODUCTION
Phytophthora capsici limits pepper and cucurbit production in many areas of the world (Hausbeck and Lamour 2004 , Tian and Babadoost 2004 , Hurtado-Gonzales et al. 2008 . Phytophthora capsici first was described as the causal agent of chili pepper (Capsicum annuum L.) blight in New Mexico in 1922 (Leonian 1922) . Since the species description P. capsici has been reported on a wide range of cucurbit and solanaceous crops as well as snap and lima beans (Hausbeck and Lamour 2004) . All parts of the plant can be infected by P. capsici and the spores are spread via water (Gevens et al. 2007) . Unlike many other Phytophthora species that thrive under cool, wet conditions (e.g. P. infestans, P. ramorum, P. sojae), P. capsici thrives under warm (25-28 C) and wet conditions.
Phytophthora capsici is heterothallic requiring A1 and A2 mating types to produce thick-walled sexual oospores and in many populations it appears that dormant oospores can provide a source of inoculum for an extended period (Erwin and Ribeiro 1996, French-Monar et al. 2007) . Phytophthora capsici produces deciduous sporangia on infected plants, both above-and belowground, and in the presence of free water the sporangia release biflagellate motile zoospores or germinate directly to cause infections. Epidemics can develop rapidly (within days) under suitable environmental conditions (Hausbeck and Lamour 2004) .
In the United States A1 and A2 mating types often are recovered from within fields, and typically field populations are composed of many isolates with unique genotypes. In addition to high genotypic diversity there are often clonal lineages that are spread within single fields or contiguous agricultural areas in a single year (Hausbeck and Lamour 2004 , Gevens et al. 2007 , Dunn et al. 2010 . The overall population structure is consistent with a strong selection for thick-walled sexual oospores that serve as dormant inoculum (Lamour and Kamoun 2009 ). The population structure in Peru is significantly different and a single clonal lineage has been dispersed across a wide geographical area and is able to survive multiple years (Hurtado-Gonzales et al. 2008) . The apparent genetic homogeneity in Peru may be useful for developing resistant vegetables because breeders can test candidate pepper varieties with a limited number of isolates and thus focus their efforts on varieties that are resistant to this clonal population.
In Argentina P. capsici was reported in 1940 as the causal agent of seedling damping-off of red or sweet pepper (Capsicum annuum L.) (Godoy 1940) . In 1950 P. capsici was reported on the pods and stems of lima bean (Phaseolus lunatus L.) (Frezzi 1950) . Root rot of pepper caused by P. capsici is one of the most serious factors limiting pepper production in Argentina, especially in irrigated zones. In some years production has been reduced nearly 40% due to this disease (Galmarini 1997) . At La Consulta Experiment Station of the National Institute of Agricultural Technology (INTA) a breeding program has been conducted since 1966 to introduce resistance against local strains of P. capsici in both bell-and heartshaped-type peppers. As a result the resistant bell-type cultivars Fyuco INTA (Galmarini and Senetiner 1986) and bell-type cultivar Lungo INTA (Galmarini et al. 1995) as well as resistant heart-type cultivars for the cannery industry, Calafyuco INTA and Don Humberto INTA, have been released (Galmarini et al. 1991 , Galmarini et al. 1996 . In all cases an accession from Dr P. Smith of the University of California, Davis, was used as the initial source of resistance.
The evolutionary potential of a pathogen population can affect the durability of disease resistance (McDonald and Linde 2002b) . For P. capsici the potential is highest in populations that are outcrossing and maintaining a reservoir of genotypic and genic diversity (e.g. at many locations in USA). Sexual recombination will rearrange existing and new variation into novel genotypes that may be able to overcome the host resistance. Little is known about the population structure of P. capsici in Argentina and our main objective was to examine the phenotypic and genotypic diversity of P. capsici at key locations in major areas of production. This knowledge will be used to further refine our breeding strategies against this pathogen.
MATERIALS AND METHODS
Isolates and mating type analysis.-P. capsici isolates were recovered 2006-2009 from pepper and paprika hosts at 11 locations (FIG. 1) . For pathogen isolation host plants showing typical symptoms of Phytophthora root rot were washed thoroughly with tap water. Small roots and crown pieces were excised from the edge of expanding lesions, transferred to V8 agar plates amended with PARP (100 mL V8, 2.5 g CaCO3, 18 g agar per liter amended with 100 ppm pimaricin, 250 ppm ampicillin, 100 ppm rifampicin and 100 ppm pentachloronitrobenzene) and incubated 3 d at 25 C. Hyphal tips were subcultured from actively expanding mycelium and transferred to V8 agar plates without additions. For long-term storage agar plugs of mycelium were placed in 2 mL screw cap tubes with 1 mL sterile distilled water.
The locations span a broad geographic range with more than 1100 km between the two most distant locations (Roig et al. 2009 ). Mating type was determined with P. capsici tester isolates A1 (CBS 121656) and A2 (CBS 121657). The query and tester isolate were grown together on small agar squares prepared from diluted V8-PARP (40 mL V8, 3 g CaCO 3 , 15 g Bacto agar per liter amended with 25 ppm pimaricin, 100 ppm ampicillin, 25 ppm rifampicin, and 25 ppm pentachloronitrobenzene). Four to seven days post inoculation colony intersections were observed for oospore production by examination under a light microscope at 4003 magnification.
Genomic DNA extraction and AFLP analysis.-Isolates were grown 7 d in PARP-amended V8 broth, the mycelium was harvested and freeze-dried and high molecular weight DNA was extracted with the protocol of Lamour and Finley (2006) . For the AFLP reactions the protocol of Vos et al. (1995) was followed with minor modifications. EcoRI and MseI restriction enzymes and adapters were used for digestion and ligation reactions respectively. The modified DNA fragments were subjected to preselective PCR reactions with EcoRI + 0 and MseI + 0 primers. The preselective product was diluted and used for selective PCR amplifica- tions with Eco-CG and Mse-CG primer pairs. The selective amplification products were diluted and labeled in a separate PCR reaction with a labeling PCR reaction as described by Habera et al. (2004) . The resultant fluorescently labeled amplified fragments were viewed and measured with a Beckman-Coulter CEQ8000 capillary instrument and accompanying software. Peaks 100-600 base pairs were scored for absence or presence.
SNP identification and genotyping.-Polymorphic SNP sites were identified by resequencing 20 putative single-copy genes in a panel of five P. capsici isolates from Argentina, Michigan, Tennessee, Pennsylvania and Peru (data not shown). The SNPs selected for further analysis are heterozygous in the Argentina isolate and, when considering the sequences from the other isolates, had flanking sequences of at least 40 bp on either side of the SNP site free of additional polymorphisms (TABLE I) .
High resolution DNA melting analysis (HR-DMA) was used to assay the SNP genotypes. The HR-DMA assay is accomplished by PCR amplifying a small amplicon (45-60 bp total length) that contains the polymorphic site (or sites) in the presence of the fluorescent dye LCGreen Plus. LCGreen Plus fluoresces brightly when bound to doublestranded DNA. After amplification the amplicons are heated to 99 C and cooled to form heteroduplex DNA and analyzed with a LightScanner (Idaho Technologies, Salt Lake City, Utah). Heteroduplex DNAs are formed when the amplicon has a heterozygous SNP. The homo-and heteroduplex DNAs have differential stabilities due to the sequence mismatches in the heteroduplex DNA and the LightScanner instrument produces distinctive melting profiles (curves) for each (Montgomery et al. 2007 ).
Our assays were designed to differentiate homozygous and heterozygous alleles for markers spanning either a single polymorphic site or for one marker multiple closely linked polymorphic sites. All assays were replicated at least twice. Data analysis and normality parameters were performed with LightScanner 2.0 software (Idaho Technologies, Salt Lake City, Utah). Despite the high efficiency in discriminating between homozygous and heterozygous alleles, both the wild type and mutant homozygous genotypes can be difficult to resolve with regular HR-DMA. To properly assign genotypes to the two homozygous genotypes a known homozygous amplicon is added to the reactions in a 1 : 1 ratio and the mixed amplicons are reanalyzed. If the amplicons are identical (e.g. AA and AA at the SNP site) the melt curve remains the same. If they are different (e.g. AA and TT) the curves for those isolates are destabilized by heteroduplex formation and produce a distinctive curve. DNA sequencing was performed on isolates having a unique melting profile, and this typically was found to be the result of additional polymorphic loci not identified in the panel of isolates. For the marker covering four heterozygous loci the genotypes for different melting profiles were confirmed by sequencing a representative isolate from the group.
LightScanner primer design software 1.0 (Idaho Technologies, Salt Lake City, Utah) was used to design HR-DMA primers. The PCR amplification was accomplished in 384-well hard-shell PCR plates (Bio-Rad, Hercules, California). The reaction consisted of 10-20 ng genomic DNA, 0.5 mL 10 3 buffer, 0.2 mL 5 mM dNTPs, 0.05 mL 50 mM MgCl2, 0.025 mL 100 mM forward and reverse primers, 0.1 units Taq polymerase, 0.5 mL 10 3 LCGreen plus dye (Idaho Technologies, Salt Lake City, Utah) with 5 mL final PCR reaction volume. The PCR amplification protocol was initial denaturation at 95 C for 2 min, 35 cycles of 95 C for 30 s and 64 C for 30 s and a final step for homo-and heteroduplex formation at 95 C for 30 s followed by 25 C for 30 s. HR-DMA was carried out according to manufacturer's instructions on a LightScanner instrument (Idaho Technologies, Salt Lake City, Utah).
Mefenoxam sensitivity screening.-Plugs (7 mm diam) from the edge of fresh cultures were placed in the center of 5 cm diam V8 agar plates amended with either 100 parts per million (PPM) mefenoxam (Ridomil Gold EC, 48% a. i.) or V8 plate without mefenoxam. The plates were incubated at room temperature 3 d. Colony diameter was measured and an isolate was considered resistant (insensitive), intermediately sensitive and sensitive when the growth on 100-PPM plate was more than 90%, 30-90% and less than 30% of the control respectively (Lamour and Hausbeck 2000) .
RESULTS
A total of 40 isolates of P. capsici were recovered from pepper and one isolate from pumpkin (TABLE II) . Of (TABLE II) . If populations were outcrossing this finding might simply be an artifact of the small sample size, but usually a few A2 mating type isolates are found. Further analysis with eight SNP loci indicates that the genotypic diversity is limited and that a single clonal lineage, ArPcc-1, is responsible for much of the disease in Argentina. The SNPs in this study are all from different, relatively large, scaffolds of the P. capsici genome assembly and 
likely provide a reasonable assessment of genotypic diversity. A follow-up analysis of 10 randomly chosen ArPcc-1 isolates produced 10 identical AFLP profiles, confirming our findings based on the SNP genotypes. The ArPcc-2 and ArPcc-4 genotypes may be closely related or even derived from the ArPcc-1 clonal lineage (TABLE IV) . In total the SNP analyses, AFLP profiles, mefenoxam sensitivity and mating type data all support the hypothesis that clonal reproduction dominates in Argentina and that sexual recombination plays a limited (or absent) role in driving the population structure. Most likely mutation and mitotic recombination explain the limited genetic variation arising within this large clonal lineage (Goodwin et al. 1995 , Dobrowolski et al. 2003 . During reverse genetic screening of P. capsici after N-ethyl-nitrosourea (ENU) mutagenesis loss of heterozygosity was observed with varying frequencies at different loci (Hulvey et al. 2010) .
It is interesting to note that the ArPcc-1 clonal lineage is distributed widely in Argentina and is able to survive fallow periods between pepper plantings. In a study of Peruvian P. capsici populations a single A2 mating type clonal lineage (PcPE-1) dominated over a wide area and over multiple years and this was thought to result from continuous crops of susceptible host material (Hurtado-Gonzales et al. 2008) . Unlike Peru and similar to many areas of USA severe frost in Argentina limits continuous crop-growing seasons. At this point it is difficult to speculate on how the ArPcc-1 lineage has become so widely dispersed or how it is able to survive freezing and/or periods without crop hosts. Further studies comparing isolates from Argentina to those recovered from outcrossing populations in USA and the clonal population in Peru might reveal key differences. We have attempted crosses between isolates of the ArPcc-1 lineage and the PcPE-1 lineage from Peru. Thus far none produced viable oospores.
In USA cultural practices that limit water are often the most effective for controlling P. capsici and the use of disease resistant varieties may be more difficult because populations maintain high diversity (Dunn et al. 2010; Hausbeck 2002, 2003) . Furthermore Phytophthora root rot and Phytophthora blight of pepper seems to be controlled by at least two resistant genes (Oelke et al. 2003, Walker and Bosland 1999) .
Our findings may shed light on the fact that resistant pepper varieties bred using local Argentinian isolates have been useful for limiting infection by P. capsici. The resistant cultivars released by INTA La Consulta, such as Fyuco INTA and Calafyuco INTA, are still widely used by pepper growers, and the limited genetic variation in the pathogen population might be a factor that lets disease resistance remain viable for extended periods. The data presented here provides a useful baseline of knowledge that will be useful in the future, particularly if there are instances in which previously resistant varieties begin to sustain more disease.
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